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Mutual antagonism between dickkopf1 and dickkopf2 regulates
Wnt/β-catenin signalling
Wei Wu*, Andrei Glinka*, Hajo Delius† and Christof Niehrs*
Wnts are secreted glycoproteins implicated in diverse
processes during embryonic patterning in metazoans.
They signal through seven-transmembrane receptors of
the Frizzled (Fz) family [1] to stabilise β-catenin [2].
Wnts are antagonised by several extracellular inhibitors
including the product of the dickkopf1 (dkk1) gene,
which was identified in Xenopus embryos and is a
member of a multigene family. The dkk1 gene acts
upstream of the Wnt pathway component dishevelled
but its mechanism of action is unknown [3]. Although
the function of Dkk1 as a Wnt inhibitor in vertebrates is
well established [3–6], the effect of other Dkks on the
Wnt/β-catenin pathway is unclear. Here, we report that
a related family member, Dkk2, activates rather than
inhibits the Wnt/β-catenin signalling pathway in
Xenopus embryos. Dkk2 strongly synergised with Wnt
receptors of the Fz family to induce Wnt signalling
responses. The study identifies Dkk2 as a secreted
molecule that is able to activate Wnt/β-catenin
signalling. The results suggest that a coordinated
interplay between inhibiting dkk1 and activating dkk2
can modulate Fz signalling. 
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Results and discussion
We compared the ability of mouse Dkk1 (mDkk1), mDkk2
and mDkk3 to inhibit Wnt signalling in Xenopus embryos,
using animal caps as an assay system. We measured induc-
tion of the direct Wnt target siamois [7,8] by reverse tran-
scription (RT)–PCR analysis following Xwnt8 mRNA
injection (Figure 1a). Unlike dkk1 RNA, neither dkk2 nor
dkk3 RNA inhibited siamois induction by Xwnt8. We also
tested the effect of Dkks on Xwnt5a, which in the pres-
ence of human Fz5 (hFz5), signals via the Wnt/β-catenin
pathway [9]. None of the Dkks was able to inhibit
Xwnt5a/hFz5 signalling in this assay (Figure 1b). To
compare various Fz receptors [1,10,11] for their interaction
with Dkk1, we used the Xenopus axis duplication assay as
read out. Xwnt8 mRNA injection induces embryonic axis
duplication, which can be rescued by coinjected dkk1
mRNA [3]. We then tested which coinjected Fz receptor
could restore axis duplication in dkk1/Xwnt8-injected
embryos. We found that fz2, 5 and 8 RNAs strongly, and
mouse fz4 (mfz4) RNA, weakly blocked the Wnt inhibitory
activity of Dkk1 (Figure 1c). We conclude that only Dkk1
but not Dkk2 or 3 is able to inhibit Xwnt8 signalling and
that Dkk1 can be blocked by and, therefore, acts upstream
or at the level of Fz2, 5 and 8. 
In the mdkk2 injection experiments, we noted that despite
its inability to block Xwnt8 signalling, injected embryos
frequently showed a dorsalised phenotype and induction
of siamois expression (see, for example, Figure 1a), indicat-
ing that the cDNA had some biological activity. This was
unlike Dkk3 which was well produced and secreted but
did not yield any phenotype upon mRNA injection either
alone or in combination with RNA for various Fz receptors
(data not shown). To analyse dkk2, we isolated a full-
length Xenopus dkk2 (Xdkk2) cDNA. Xdkk2 showed 76%
identity at the amino-acid level with mDkk2 [12] (acces-
sion no. AF300197 (EMBL)); data not shown). Xdkk2
expression started only during organogenesis, in head
mesenchyme, lens and somites (Figure 2a). While this late
expression makes a role for dkk2 during early Xenopus
embryogenesis unlikely, we used Xenopus as an in vivo
expression system to assay the properties of dkk2. In all
assays, mdkk2 and Xdkk2 yielded similar responses, but
mdkk2 was effective at lower mRNA doses.
Microinjection of dkk2 mRNA in ventral blastomeres fre-
quently induced axis duplication although the response in
different egg batches varied (Figure 2b,c; and see Supple-
mentary material). Complete axis duplication is characteris-
tic of overexpressed genes that activate the Wnt/β-catenin
pathway [2]. To investigate this possibility, we analysed the
expression of marker genes in animal cap assays following
mRNA injections (Figure 2d,e). Unlike dkk1, both Xenopus
and mouse dkk2 mRNA induced the direct Wnt target gene
siamois, in addition to the dorsal marker genes noggin and
chordin. Expression of the ventro-posterior marker Xvent1
was reduced. Injected dkk1 RNA also induces goosecoid (gsc)
and represses Xvent1 as shown previously [3], probably by
inhibiting a ventro-posteriorising Wnt active in animal caps,
but it never induces siamois. The dkk2 mRNA-injected caps
became neuralised, as indicated by induction of the neural
markers N-CAM and XAG1 (Figure 2e) and this occurred in
the absence of mesoderm formation (assayed by detecting
expression of Xbra and actin; Figure 2d,e). 
An even higher frequency of axis duplication and Wnt
target gene induction (siamois, Xnr3) was observed when
dkk2 RNA was coinjected with RNA for the Wnt receptor
Xfz8 [11], with which it strongly synergises (see Supple-
mentary material). Furthermore, dkk2 and Xfz8 coinduced
the luciferase reporter construct Top-Flash, carrying 
T-cell factor (TCF)-binding sites, which are directly acti-
vated by the TCF/β-catenin complex [13] (Figure 2f).
This activation was inhibited by the β-catenin antagonist
glycogen-synthase kinase-3 (GSK-3) [14–16] (Figure 2g).
We conclude that dkk2 can activate the Wnt/β-catenin sig-
nalling pathway in early Xenopus embryos. When fz RNAs
other than Xfz8 were tested for their ability to synergise
with dkk2 in animal cap assays, hfz5 and Drosophila fz2
(Dfz2) RNAs induced siamois expression strongly, and
mouse fz4 induced siamois expression weakly (Figure 2h).
Thus, Dkk2 interacts with the same subset of Fz recep-
tors as Dkk1, but in the opposite way. 
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Figure 2
Axis duplication by dkk2. (a) Expression of
Xdkk2 determined by in situ hybridisation.
Lateral view of a stage 40 Xenopus embryo
showing expression of dkk2 in head
mesenchyme (hm), somites (so), and lens (le).
(b,c) Injected dkk2 RNA induces
(b) incomplete and (c) complete secondary
embryonic axes. Mouse dkk2 RNA
(50–250 pg) was injected into one ventral
blastomere at the 8-cell stage. (d,e) Injected
dkk2 RNA induces siamois expression.
Embryos (4–8-cell stage) were uninjected
(Co) or injected in the animal region with
500 pg Xdkk1, or Xenopus or mouse dkk2
RNA. Animal caps were explanted at stage 8
and analysed at (d) stage 11 or (e) stage 30
by RT–PCR analysis for the expression of the
indicated marker genes. (f,g) Injected dkk2
RNA activates a TCF-responsive promoter;
50 pg pTOP-luc and 5 pg pTK-renilla were
coinjected either alone (Co) or with the
indicated RNAs (Xwnt8, 25 pg; Xfz8, 200 pg;
mdkk2 or mdkk3, 100 pg; GSK-3, 1.5 ng).
Luciferase activity was determined and
normalised against renilla activity. (h) Injected
dkk2 RNA cooperates with fz2, fz5, and fz8.
Expression of siamois in animal caps injected
with 25 pg Xwnt8, or RNAs encoding the
indicated Fz receptors (Dfz2, 100 pg; Xfz8,
200 pg; all others, 500 pg) injected with or
without 100 pg mdkk2 RNA as indicated.
Figure 1
Interaction of Dkks with Wnt signalling.
(a,b) Four-cell stage embryos were
microinjected in each blastomere in the
animal region with the indicated
combinations of mdkk1, mdkk2 or mdkk3
RNA (200 pg), Xwnt8 RNA (3 pg), Xwnt5A
RNA (40 pg) and hfz5 RNA (200 pg). Animal
caps were explanted at stage 8–9, and
analysed at stage 11 by RT–PCR for
induction of siamois (sia) expression. Xbra
expression was monitored to control for the
isolation of mesoderm-free animal caps.
Expression of histone H4 was used for
normalisation. –RT, control in which reverse
transcriptase was omitted; embryo, whole-
embryo control; Co, uninjected control cap;
(c) Fz2, 5 and 8 interact with Dkk1. Embryos
(4–8-cell stage) were microinjected in two
opposite blastomeres with the indicated
RNAs. RNA encoding Fz receptors was
either injected alone (–) or coinjected with
dkk1 and Xwnt8 RNAs (+). Doses per
blastomere were: Xwnt8, 4 pg; dkk1, 2.5 pg;
fz mRNAs, 250 pg  except mfz3 (125 pg)
and hfz5 (100 pg). Embryos were scored for
the formation of complete secondary axis at
stage 31; n, number of embryos scored;
Rfz1, rat fz1.
In Xenopus, Wnt signalling before the midblastula transi-
tion (MBT) leads to axis duplication and induction of
siamois expression, whereas forced Wnt expression after
MBT induces microcephaly and cyclopia [17]. In the pre-
ceding experiments, we assayed Wnt signalling before
MBT. To test the effect of Dkk2 on post-MBT Wnt sig-
nalling, we injected dkk2 as plasmid DNA, which becomes
transcribed only after MBT. Embryos injected with
pCS2dkk2 were microcephalic and cyclopic, and the same
phenotype was observed with injected Xwnt8 plasmid
DNA (Figure 3a–c; see Supplementary material). Further-
more, coinjected dkk2 and Xwnt8 synergised to enhance
the microcephalic phenotype as more embryos had no
eyes (Figure 3d; see Supplementary material). Unlike
dkk2 which induced microcephaly, dkk1 rescued micro-
cephaly induced by Xwnt8 (Figure 3d,e; and see Supple-
mentary material) and thus acts in the opposite fashion,
inhibiting post-MBT Wnt signalling. 
As Dkk1 and Dkk2 have opposite effects on Wnt/β-catenin
signalling, we determined what effects Dkk1 has on Dkk2
signalling. Dkk1 inhibited Dkk2 in all assays. Injected
dkk1 DNA reversed the microcephalic phenotype induced
by dkk2 (see Supplementary material), prevented axis
duplication by dkk2 either alone or in combination with
Xfz8 (Figure 3f,g; see Supplementary material), and
repressed siamois induction by dkk2/Xfz8 in animal cap
assays (Figure 3h).
To determine whether Dkk2 acts universally as an activa-
tor of Wnt/β-catenin signalling, we analysed its effects in
the human HEK293T cell line. This cell line has previ-
ously been shown to be Wnt responsive using the Top-
Flash reporter assay [18]. As expected, dkk1 DNA
inhibited Wnt1 signalling in these cells but, surprisingly,
so did dkk2 (Figure 4a). We conclude that dkk2 can act as
activator or inhibitor of Wnt/β-catenin signalling, depend-
ing on the cellular context. 
To test whether the effect of Dkk2 on Wnt signalling
was direct or indirect, for example, by inducing expres-
sion of another Wnt signal, we carried out animal cap
assays in the presence of cycloheximide to block protein
synthesis at MBT, when zygotic transcription starts.
Figure 4b shows that, even in the presence of cyclohex-
imide, dkk2/Xfz8 mRNAs coinduced siamois, indicating
that the effect of Dkk2 on Wnt signalling is direct.
Further evidence for the direct interaction of dkk2 with
Xfz8 is the observation that they can synergise in axis
duplication even when produced in different blas-
tomeres (Figure 4c). This indicates that Dkk2 acts in a
paracrine fashion. Finally, Dkk2 does not derepress
Wnt/β-catenin signalling by interfering with Wnt/Ca2+
signalling [2,19,20] because protein kinase C (PKC)
translocation in response to Xwnt5a [21] was unaffected
by dkk2 (data not shown). 
An important conclusion from this work is that Dkk2
represents a novel secreted factor capable of activating
the Wnt/β-catenin pathway. The only other secreted pro-
teins known to synergise with Fz receptors are the Wnt
glycoproteins themselves [2]. Dkk2 can act in an oppo-
site fashion to Dkk1, suggesting that the proteins func-
tion as mutual antagonists. In the mouse, the dkk1 and
dkk2 genes are coordinately expressed during organogen-
esis in a multitude of organs, and their expression fre-
quently is found in adjacent or partially overlapping
domains [12]. This suggests that, in these tissues, the
interplay of dkk1 and dkk2 coordinately modulates the
Wnt/β-catenin pathway. 
Supplementary material
Supplementary material including additional methodological detail and
two tables showing quantitative data of the injection phenotypes is
available at http://current-biology.com/supmat/supmatin.htm.
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Figure 3
Dkk1 and Dkk2 antagonise each other. (a–e) Plasmid DNAs were
injected into four animal blastomeres of 8-cell stage embryos.
Embryos were allowed to develop until stage 40 and are shown in
lateral (left) and frontal (right) view. (a,b) Post-MBT expression of dkk2
by injection of plasmid DNA (100 pg pCSmdkk2) posteriorises
Xenopus embryos. (c–e) Injected dkk1 rescues posteriorisation by
Xwnt8, and dkk2 enhances it; 100 pg pCSmdkk2, 25 pg
pCSKAXwnt8 and pCSXdkk1 were injected as indicated.
(f,g) Injected dkk1 inhibits axis duplication by dkk2. Embryos (8-cell
stage) were coinjected in one ventral-vegetal blastomere with
(f) 50 pg mdkk2 + 100 pg Xfz8, or (g) 50 pg mdkk2 + 100 pg
Xfz8 + 50 pg Xdkk1. (h) Injected dkk1 inhibits siamois induction by
dkk2. Embryos (4–8-cell stage) were coinjected in the animal region
with the indicated combinations of 100 pg mdkk2, 200 pg Xfz8 and
100 pg Xdkk1 RNA. Animal caps were explanted at stage 8 and
analysed at stage 11 by RT–PCR for the expression of siamois.
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Figure 4
Properties of Dkk2 signalling. (a) Both dkk1
and dkk2 inhibited Wnt signalling in
HEK293T cells. Top-Flash/pTK-renilla plasmid
DNAs were cotransfected in HEK293T cells
with mouse wnt1/fz8 and/or dkk plasmid as
indicated. Luciferase activity was normalised
against renilla activity. RLU, relative luciferase
units. (b) Dkk2 signals in the presence of
cycloheximide. Induction of siamois in animal
caps injected with the indicated mRNAs
(Xwnt8, 25 pg; mdkk2, 100 pg; Xfz8, 200 pg)
at the 8-cell stage and incubated with or
without 5 µg/ml cycloheximide (CHX) as
indicated from the blastula stage onwards
until harvest at early gastrula stage. (c) Dkk2
can function in a paracrine fashion. Mouse
dkk2 (50 pg) and Xfz8 (100 pg) RNAs were
injected either alone, coinjected (autocrine),
or injected separately into two neighbouring
blastomeres (paracrine) at the 16-cell stage
(left). The resulting embryos were scored at
the tadpole stage for complete (grey bar) or
incomplete (white bar) axis duplication;
n, number of embryos scored.
